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Abstract
Activation of oxidative phosphorylation by physiological levels of calcium in mitochondria from rat skeletal muscle was
analysed using top-down elasticity and regulation analysis. Oxidative phosphorylation was conceptually divided into three
subsystems (substrate oxidation, proton leak and phosphorylation) connected by the membrane potential or the
protonmotive force. Calcium directly activated the phosphorylation subsystem and (with sub-saturating 2-oxoglutarate)
the substrate oxidation subsystem but had no effect on the proton leak kinetics. The response of mitochondria respiring on 2-
oxoglutarate at two physiological concentrations of free calcium was quantified using control and regulation analysis. The
partial integrated response coefficients showed that direct stimulation of substrate oxidation contributed 86% of the effect of
calcium on state 3 oxygen consumption, and direct activation of the phosphorylation reactions caused 37% of the increase in
phosphorylation flux. Calcium directly activated phosphorylation more strongly than substrate oxidation (78% compared to
45%) to achieve homeostasis of mitochondrial membrane potential during large increases in flux. ß 2000 Elsevier Science
B.V. All rights reserved.
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1. Introduction
Calcium is an important second messenger in cells.
A primary physiological response to calcium is stim-
ulation of oxygen consumption [1^3], resulting from
direct stimulation of both energy-demanding path-
ways (e.g. muscle contraction and biosynthetic path-
ways) and pathways involved in energy supply (res-
piration) [2]. The simultaneous balanced stimulation
of energy supply and demand has been termed equal
activation [4]. It allows the cell to satisfy ATP con-
suming processes with minimal perturbation of the
levels of important intermediary metabolites such as
the ATP/ADP and NADH/NAD ratios and the
mitochondrial membrane potential (vi) [4]. Homeo-
stasis of metabolites in response to calcium has been
observed in many cell types [1,2,4,5]. In skeletal
muscle, where changes in the ATP/ADP ratio (or
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some function of the adenine nucleotide levels, such
as energy charge) have been measured during con-
traction, minimal perturbation of the cellular energy
level is also important [6,7]. Elucidation of how ho-
meostasis is brought about is essential to understand-
ing how physiological signals such as calcium in£u-
ence metabolism.
Various reactions of oxidative phosphorylation are
possible targets for calcium activation. Three intra-
mitochondrial Krebs cycle dehydrogenases (pyru-
vate, isocitrate and 2-oxoglutarate dehydrogenases)
are calcium-sensitive [2], and activation of any of
them by calcium may result in a substantial stimula-
tion of the substrate oxidation subsystem, particu-
larly at sub-saturating levels of the substrates. Addi-
tionally, one cannot rule out a possible direct
stimulation of the respiratory chain [8]. Other intra-
mitochondrial components may be a¡ected by calci-
um: (a) any increase in the cycling of calcium across
the mitochondrial membrane will result in an in-
crease in proton leak [9]; (b) both the ATP synthase
[3] and the adenine nucleotide translocase [10] (com-
ponents of the phosphorylation subsystem) have
been suggested to be activated by calcium, although
this is less well established.
Metabolic control analysis [11^18] can quantify
the regulation of metabolic networks. It can describe
how a system maintains constant levels of metabo-
lites and £uxes in a steady state and how external
e¡ectors change the steady state variables. An impor-
tant subset of external regulation is homeostasis, in
which the e¡ector shifts the £uxes to a new steady
state, while maintaining the levels of certain metab-
olites. Since it is the internal control of a system that
dictates how a system responds to an e¡ector, under-
standing control is a necessary prerequisite to analys-
ing regulation. Thus, control analysis should be ex-
tremely useful in understanding how calcium
in£uences energy metabolism.
Control analysis has been used before to quantify
the e¡ect of calcium on oxidative phosphorylation
[5,10,19^21]. The bottom-up approach [13] has been
used to measure the control coe⁄cients of individual
components of oxidative phosphorylation in isolated
mitochondria at basal and high levels of free calcium
[19,21]. However, measurement of control coe⁄-
cients is not an appropriate way to identify sites of
action of external e¡ectors [15,16,18,22^24]; instead,
this can be done using top-down elasticity analysis
[14,15,25].
To quantify regulation, the relationship between
modulation of a target by an e¡ector and the internal
control of the system must be taken into account.
This has been done using top-down regulation anal-
ysis [16] to quantify the e¡ects of cadmium on oxi-
dative phosphorylation in potato tuber mitochondria
[26]. Regulation analysis gives a complete quantita-
tive picture of how a system responds to in¢nitesimal
changes in an external e¡ector, but it is not easy to
make small changes in an external e¡ector and accu-
rately measure the resulting changes in variables.
Useful quantitative analyses have been carried out
to assess the response of oxidative phosphorylation
in isolated hepatocytes to large changes in hormones
[5,14,15,25,27]. A simple approach [4] has been used
to analyse the response of isolated hepatocytes to a
step change in vasopressin (a calcium mobilising hor-
mone) by determining the proportional activation
coe⁄cient. There was equal activation of the pro-
ducers and consumers of vi, so that vi was un-
changed despite an increase in £ux. However, this
approach is only applicable to a linear system divid-
ed about a single common intermediate. A more gen-
eralised approach that applies to systems of any
complexity [28] describes regulation using integrated
responses, and has been used to quantify the regula-
tion of hepatocyte metabolism by step changes in
glucagon and adrenaline [27].
Here we use top-down elasticity analysis to identi-
fy the targets of calcium activation of oxidative phos-
phorylation in mitochondria isolated from rat skele-
tal muscle respiring on succinate or 2-oxoglutarate.
We show that calcium activates the phosphorylation
subsystem and (with 2-oxoglutarate) the substrate
oxidation subsystem but does not a¡ect the kinetics
of the proton leak. We further analyse these results
by calculating integrated responses [28] to quantify
the regulation of oxidative phosphorylation by step
changes in free calcium.
2. Materials and methods
2.1. Isolation of mitochondria
Preparation of skeletal muscle mitochondria was
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based on [29,30]. Two female Wistar rats (250^300 g,
fed ad libitum) were killed by stunning followed by
cervical dislocation. 50 g of hind leg skeletal muscle
was removed into 200 ml of ‘Chappell Perry’ medium
(C-P 1) (0.1 M KCl, 0.05 M Tris-HCl, 2 mM EGTA,
pH brought to 7.4 at 4‡C) [29]. The tissue was
minced, rinsed with C-P 1 medium, and stirred for
5^6 min on ice in 300 ml of C-P 2 (as C-P 1 but
containing 1 mM ATP, 5 mM MgCl2, 0.5% w/v bo-
vine serum albumin, and 20% w/v nagarse [30]). The
tissue was homogenised in C-P 2 (10 g/60 ml) using a
Polytron PT 10-35 tissue homogeniser (rheostat po-
sition 4) for three 3 s bursts. The homogenate was
stirred in C-P 2 on ice for 5 min then centrifuged at
490Ug for 10 min. The supernatant was ¢ltered
through muslin and the mitochondria were sedi-
mented twice at 9500Ug for 10 min, resuspended
in NHS isolation medium (10 mM NTA, 5 mM
HEPES and 250 mM sucrose: pH brought to 7.2
at 4‡C), incubated for 1 h to deplete intramitochon-
drial calcium [31], sedimented twice at 7600Ug for
10 min, resuspended in approx. 2 ml of NHS, kept
on ice and used within 5 h. Mitochondrial yield was
typically 60 mg protein (biuret assay [32]); 1.2 mg
mitochondrial protein/g muscle.
Intramitochondrial calcium and magnesium con-
tents of 2.4 þ 0.7 and 26.4 þ 2.9 nmol/mg respectively
(n = 7), measured using a Perkin-Elmer atomic ab-
sorption spectrophotometer [31], agreed reasonably
well with literature values [2].
2.2. Simultaneous measurements of mitochondrial
respiration rate and membrane potential (vi)
These were carried out at 37‡C in 2 ml incubations
in a closed, stirred, Perspex chamber ¢tted with a
Clark oxygen electrode (Rank Bros., Bottisham,
Cambridge). A combined TPMP/reference electrode
[33,34] was ¢tted through the lid. The TPMP elec-
trode was calibrated with two sequential additions of
1 WM TPMP. In agreement with [5], this low concen-
tration of TPMP had no e¡ect on respiration rates.
A volume-dependent TPMP binding correction fac-
tor of 0.35 mg protein Wl31 was used [33,34]. Air-
saturated medium at 37‡C was assumed to contain
406 nmol O/ml [35].
The basic incubation medium contained: 140 mM
KCl, 10 mM NTA, 10 mM HEPES, 10 mM NaCl,
5 mM MgCl2, 5 mM KH2PO4, 45 mM creatine (pH
adjusted to 7.25 at 37‡C). 1 mM ATP, 5 mM creatine
phosphate, excess creatine phosphokinase (12 IU/ml)
and 20 mM dithiothreitol were added to the medium
prior to each run. The creatine:creatine phosphate
(9:1), ATP and excess creatine phosphokinase were
added to clamp the ATP/ADP ratio and maintain
state 3 respiratory rates [5]. Doubling the creatine
phosphokinase concentration had no e¡ect on respi-
ration, showing that neither this enzyme nor any ex-
tramitochondrial ATPases exerted signi¢cant £ux
control in this system. CaCl2 and MgCl2 were added
to obtain the desired free concentrations, calculated
as in [36]. The total calcium content of the incuba-
tion medium was about 2 WM by atomic absorption,
corresponding to 0.1 WM free calcium. 60 WM CaCl2
was added when required to give a calculated free
calcium concentration of 1.25 WM. These free con-
centrations correspond approximately to the basal
and physiological stimulated levels of free calcium
in the cytosol [2]. The calculated ¢nal free magnesi-
um concentration was 0.34 mM at either calcium
concentration.
Mitochondria were added to air-saturated medium
at 0.25 mg/ml when succinate was substrate and
1 mg/ml when 2-oxoglutarate was substrate. After
3.5 min either 5 mM succinate (and 5 WM rotenone)
or 0.5 mM 2-oxoglutarate were added to initiate
state 3 respiration. Respiration rates and membrane
potentials stabilised within 1 min. After 1.5^2 min in
state 3, malonate (to inhibit succinate respiration) or
KCN (to inhibit 2-oxoglutarate respiration) or other
inhibitors (where indicated) were added, with 1 min
between sequential additions. After each titration,
excess malonate (10 mM) or excess KCN (200
WM), plus excess FCCP (1 nmol/mg) were added to
collapse vi and allow correction for any drift in the
TPMP signal [33]. 2-Oxoglutarate was oxidised to
succinate and malate in a 4:1 molar ratio under all
conditions (not shown). The calculated maximum
decrease in 2-oxoglutarate concentration over the in-
cubations was 25%; however, respiration rates and
membrane potentials were found to be stable over
the time course measured, and the system was as-
sumed to be in a steady state.
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2.3. Measurement of matrix volume, vpH and vp
We did not use nigericin to clamp vpH since it
inhibited respiration [5,37], but measured vpH in
each condition and expressed the common intermedi-
ate as vp (as well as vi). vpH was determined from
the accumulation ratio of dimethyloxazolidine-2,4-di-
one (DMO) given by the distribution of [14C]DMO
(10 WCi/ml) and [3H]sucrose (100 WCi/ml), and the
mitochondrial matrix volume (determined from the
distribution of 3H2O (100 WCi/ml) and [14C]sucrose
(10 WCi/ml) [33]). vp was calculated as vi361.5vpH.
2.4. Titrations
The kinetics describing the dependence on vi or
vp of the £uxes through the substrate oxidation (JS),
leak (JL), and phosphorylation (JP) subsystems were
established by carrying out titrations with appropri-
ate inhibitors [13^15,38].
The kinetics of the substrate oxidation subsystem
were established by measuring the relationship be-
tween oxygen consumption and vi or vp as the in-
termediate was altered by titration with inhibitors of
the phosphorylation subsystem. Up to 1 Wg oligomy-
cin/mg protein (inhibitor of the ATP synthase) or 1.8
nmol atractyloside/mg protein (inhibitor of the ad-
enine nucleotide translocase) were used. The kinetics
of the proton leak were measured in the presence of
excess oligomycin. The rate of oxygen consumption
to drive the leak was titrated with progressive inhibi-
tions of the substrate oxidation subsystem using up
to 80 WM KCN (2-oxoglutarate), or up to 1.5 mM
malonate (succinate). The kinetics of the phosphory-
lation subsystem were determined as JS3JL from
titrations with KCN or malonate. First the kinetics
of the combined consumers of the intermediate (i.e.
JL plus JP) were determined by titrating the state 3
£ux with up to 120 WM KCN or up to 0.3 mM
malonate. JP was subsequently determined by sub-
tracting o¡ the leak £ux (JL) from the total £ux
(Js) at each speci¢c vp.
2.5. Theory of integrated elasticities and integrated
response coe⁄cients [28]
The fractional change of a £ux (vJi/Ji) or inter-
mediate (vx/x) in response to a ¢nite change in an
external e¡ector (vq) is the integrated response (IR).
The responses are normalised to the starting state. If
we make a step change in calcium and measure
(a) the integrated responses of the £uxes and the
intermediate and (b) the elasticities and control
coe⁄cients in the standard state, we can calculate
the direct e¡ect of the ¢nite change in calcium on












where Aix is the elasticity coe⁄cient of subsystem i to





resents the indirect e¡ects on the subsystem mediated
by the change in intermediate x, caused by the
change in the e¡ector. From Eq. 1, if the external
e¡ector does not alter the intermediate level, then
IEivq is equal to vJi/Ji and approximates to the inte-
gral of the elasticity to the external e¡ector Aiq over
the range of vq [28].
The contribution of each subsystem to the overall
integrated response can be calculated as the partial






iIRJorxv q  CJorxi UIEiv q 3
where CJ or xi is the £ux (J) or concentration (x) con-
trol coe⁄cient. Thus, using Eqs. 2 and 3, the overall
changes in £ux and intermediate levels can be de-
scribed in terms of the direct e¡ects that the e¡ector
has on each subsystem followed by the indirect ef-
fects on the system variables caused by each primary
e¡ect. The partial integrated response via a subsys-
tem is the theoretical response of a variable that
would have been observed if calcium only had an
e¡ect on that subsystem. Integrated elasticities and
responses provide only an approximate way to quan-
tify regulation, but a good approximation may be
obtained if the linking intermediates and control co-
e⁄cients alter only a small amount in response to
¢nite changes in the external e¡ector [28].
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2.6. Regulation analysis of mitochondria respiring on
2-oxoglutarate
We analysed the e¡ect of the ¢nite change in free
calcium on mitochondria respiring on 0.5 mM 2-oxo-
glutarate. The data used were the titration curves
showing JS, JL and JP as a function of vi (Fig. 2).
We calculated the fractional step changes in state 3
£uxes and vi induced by the change in free calcium.
The elasticities of the subsystems to vi and the con-
trol coe⁄cients at both calcium levels were also de-
termined [38^41]. We then quanti¢ed the e¡ects of
calcium on oxidative phosphorylation by calculating
integrated elasticities and partial integrated response
coe⁄cients as follows:
1. The integrated elasticity of each subsystem to cal-
cium was calculated as the di¡erence between the
observed change in £ux and the change in £ux
expected from vi e¡ects alone, using Eq. 1.
2. The partial integrated responses of state 3 respi-
ration to calcium via the direct e¡ects on each of
the subsystems (iIRJsvq) were calculated using Eq.
3. This enabled us to determine the contribution
of the calcium e¡ects on each subsystem to the
overall stimulation of respiration, IRJsvq, which is
both the observed response and the sum of the
partial responses. Partial responses of the phos-
phorylation £ux (iIRJpvq) we determined in the
same way.
3. The partial integrated responses of vi to calcium,
iIRvivq , were also calculated using Eq. 3. This en-
abled us to quantify the contribution of the cal-
cium e¡ects on each subsystem to homeostasis of
vi.
2.7. Statistics
Data in Figs. 1 and 2 are mean þ S.E.M. for at
least three experiments using di¡erent preparations.
For determinations of vp, the mean vi was added to
the mean value of 361.5vpH and the errors were
combined. Statistical signi¢cances of the e¡ects of
1.25 WM free calcium were assessed using a paired
Student’s t-test. The coe⁄cients were determined us-
ing the mean values of each experimental data point
obtained in ¢ve separate experiments (Fig. 2). Be-
cause of the complexity of the calculations, the asso-
ciated error is not normally distributed, so it was
assessed using Monte Carlo analysis [40] (see also
[39,41^43]). Brie£y, we calculated 400 data sets com-
prising randomly simulated experimental points
based on the mean and S.E.M. of each experimental
data point assuming normal distribution of errors.
Each simulated data set was then used for the full
set of calculations to give 400 values of each coe⁄-
cient. This set of values was used to indicate the
probability (VP) that a statement was correct by
reporting the percentage of the simulations that
gave the opposite result. For example, if 95% of
the values were positive, then the value was signi¢-
cantly greater than 0 (reported as VP = 5%). For
Table 2, the error is indicated by giving the limits
of the middle 68.26% of estimates of each coe⁄cient.
This limit is termed the pseudo-standard deviation
[40]. For normal error distributions it equals the
standard deviation, but for non-normal distributions
the standard deviation may be much greater. In these
instances the pseudo-standard deviation is often
more informative. No single statistical function can
fully describe a skewed or non-normal distribution
but Monte Carlo analysis can be used to assess the
signi¢cance level associated with certain values and
di¡erences.
2.8. Materials
Rotenone, oligomycin, malonate, atractyloside,
ATP, CaCl2 20 mM standard, MgCl2 0.49 M stan-
dard, 2-oxoglutarate, glutamic acid, malic acid, suc-
cinate, NTA, EGTA, creatine, creatine phosphate
and enzymes were from Sigma. TPMP bromide,
FCCP and KCN were from Aldrich. Radioisotopes




State 3 respiration rates and potentials were stable
during the 3 min experimental time frame for both
5 mM succinate and 0.5 mM 2-oxoglutarate. The mi-
tochondria were well coupled (Table 1): respiratory
control ratios [44] were above 8 with glutamate plus
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malate, comparable to [29,30]. Respiratory control
ratios with succinate were lower than in [29], prob-
ably because we used sub-optimal conditions for
measurement (37‡C, KCl based medium). Respira-
tion with succinate was stimulated by calcium in
state 3, but not in state 4, suggesting that the reac-
tions of ADP phosphorylation and export were acti-
vated by calcium. Respiration with NAD-linked sub-
strates was stimulated in both state 3 and state 4,
suggesting that calcium also activated the reactions
of the substrate oxidation subsystem with these sub-
strates. Respiratory control ratios were increased by
calcium with all substrates, because calcium activated
state 3 more than state 4.
3.2. Elasticity analysis of respiration with succinate
The titration curves in Fig. 1 show the e¡ects of
0.1 WM and 1.25 WM free calcium on the kinetic
responses of the substrate oxidation subsystem to
vi (a) and vp (d) for succinate-dependent res-
piration. vi in state 3 was 150 þ 2 mV for both cal-
cium concentrations (Fig. 1a). Calcium caused an
insigni¢cant drop in state 3 vp from 173 þ 4 mV to
171 þ 4 mV (Fig. 1d). Fig. 1a may show a small dif-
ference in the kinetics of the substrate oxidation sub-
system at lower vi, but this disappears when vpH is
taken into account (Fig. 1d). Thus calcium in the
physiological range does not directly a¡ect the
Fig. 1. E¡ect of calcium on the responses of substrate oxidation, proton leak and phosphorylation subsystems to vi or vp with succi-
nate as substrate. The responses of substrate oxidation (JS) (a,d), proton leak (JL) (b,e) and phosphorylation (JP) (c,f) subsystems to
vi (a,b,c) and vp (d,e,f) were measured in skeletal muscle mitochondria respiring on 5 mM succinate in the presence of 0.1 WM
(open symbols) or 1.25 WM (closed symbols) free calcium. The rate of the substrate oxidation block was measured at two values of
vi or vp, achieved by omitting or adding 1 Wg oligomycin/mg protein. The rate of the proton leak was measured at three values of
vi or vp by following respiration rate in the presence of maximum oligomycin (1 Wg/mg protein). vi or vp was varied by adding 0,
0.5 or 1.5 mM malonate. The rate of the phosphorylation subsystem was determined by subtracting the interpolated leak £ux at each
value of vi or vp from the rates obtained when malonate (0, 0.1, 0.3 mM) was added in state 3. vi was determined by TPMP up-
take measured simultaneously with oxygen consumption. Points are shown as means þ S.E.M. (n = 24). vpH was determined by DMO
accumulation, n = 6. The mean values of vpH were added to the mean values of vi values to estimate vp.
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kinetics of substrate oxidation with succinate as sub-
strate.
Fig. 1b and e show that the kinetics of the proton
leak do not change between high and low calcium.
Fig. 1c and f show that high calcium signi¢cantly
stimulates phosphorylation with either vi (Fig. 1c)
or vp (Fig. 1f) as the intermediate by about 15^20%
at the control state 3 value of vi or vp, and by
about twofold at lower levels of the intermediate.
Thus, top-down elasticity analysis of respiration
on succinate shows signi¢cant stimulation of the
phosphorylation subsystem by physiological calcium,
but no e¡ect on the substrate oxidation or proton
leak subsystems. Stimulation of the phosphorylation
subsystem completely explains the increased state 3
respiration (Table 1). Since succinate dehydrogenase
is not sensitive to calcium, stimulation does not re-
£ect the secondary activation of the phosphorylation
subsystem by calcium acting primarily through sub-
strate oxidation that might occur with other sub-
strates.
Calcium increased state 3 respiration by 11% but
did not signi¢cantly alter state 3 vi or vp. If the
phosphorylation subsystem is the sole primary target
then calcium should decrease state 3 vi or vp to
provoke the required secondary stimulation of sub-
strate oxidation. However, from Fig. 1a,d, an 11%
increase in state 3 respiration would be triggered by a
decrease of only about 5 mV in vi or vp, which is
within experimental noise. Thus, even though calci-
um acted solely via activation of the phosphorylation
subsystem, the drop in vi or vp in state 3 was not
observed.
3.3. Elasticity analysis of respiration with
2-oxoglutarate
Is activation of the phosphorylation subsystem by
calcium seen with 2-oxoglutarate as substrate? This
system is more complex because calcium also acti-
vates 2-oxoglutarate dehydrogenase, a component
of substrate oxidation. 2-Oxoglutarate was used at
a sub-saturating concentration (0.5 mM), since cal-
cium changes Km for 2-oxoglutarate but not Vmax of
2-oxoglutarate dehydrogenase [2].
1.25 WM free calcium stimulated state 3 respiration
by 43% (Table 1). Calcium caused no change in state
3 vi (83 þ 4 mV at 0.1 WM and 83 þ 6 mV at 1.25
WM) or the state 3 value of 361.5vpH (33 þ 10 and
34 þ 11 mV respectively). The inhibitors did not sig-
ni¢cantly alter vpH. Therefore, vpH values had no
bearing on the results below, which are presented
with vi alone as the intermediate.
Fig. 2a shows the e¡ect of calcium on the kinetic
response of the substrate oxidation subsystem to vi,
varied by titration of the phosphorylation subsystem
with either oligomycin or atractyloside. Flux through
the substrate oxidation subsystem was greater at any
vi in the presence of 1.25 WM free calcium. This
clear activation of the substrate oxidation subsystem
Table 1
Respiration rates and respiratory control ratios of skeletal muscle mitochondria
Substrate Respiration rate (nmol O/min/mg protein) RCR n













4 mM glutamate plus 1 mM
malate
326 þ 38 *37% 445 þ 41 40 þ 4 *33% 53 þ 7 8.5 þ 1.0 9.8 þ 1.5 11
5 mM succinate 380 þ 13 *11% 424 þ 13 182 þ 7 0% 181 þ 7 2.3 þ 0.1 2.4 þ 0.1 24
0.8 mM 2-oxoglutarate 137 þ 15 *100% 275 þ 19 55 þ 4 *31% 72 þ 6 2.6 þ 0.3 4.2 þ 0.5 13
0.5 mM 2-oxoglutarate 58 þ 8 *43% 83 þ 6 43 þ 1 *23% 53 þ 1 1.4 þ 0.2 1.6 þ 0.2 5
Mitochondria were incubated at 37‡C with di¡erent substrates in the presence of 0.1 or 1.25 WM free calcium in the incubation me-
dium described in Section 2. The respiratory control ratio (RCR) is the state 3 rate divided by the state 4 rate [44]. Values are given
as mean þ S.E.M. for n independent preparations. The % stimulation of respiration rates induced by the increase in free calcium are
shown in italics. The signi¢cance of the stimulation was assessed by a paired Student’s t-test, * denotes P values 6 0.05. Mitochon-
drial state 3 respiration rate was induced with creatine phosphokinase and state 4 was achieved by inhibiting state 3 with excess oligo-
mycin (1 Wg/mg protein).
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was not seen with succinate (Fig. 1a,d). Therefore it
is probably due to calcium activation of the part of
the subsystem that di¡ers between the two sub-
strates: 2-oxoglutarate dehydrogenase.
In agreement with the results with succinate, cal-
cium did not a¡ect proton leak kinetics (Fig. 2b) and
activated the phosphorylation subsystem (Fig. 2c).
Calcium doubled the phosphorylation £ux at any
given vi and stimulated the state 3 phosphorylation
£ux by 98 þ 36% (P6 0.05).
The ¢nding that calcium stimulates the phosphor-
ylation subsystem as well as substrate oxidation in
skeletal muscle is important. It means that the stim-
ulation of mitochondrial oxidative phosphorylation
is brought about not just by activation of 2-oxoglu-
tarate dehydrogenase, but also by direct stimulation
of at least one of the components of the phosphory-
lation subsystem, such as the ATP synthase, the ad-
enine nucleotide translocase, the adenine nucleotide
pool, the phosphate carrier or intramitochondrial
magnesium.
We have assumed above that only the explicit in-
termediate, vi or vp, passes information between
subsystems. If a non-explicit intermediate passed in-
formation, our interpretation could be changed [28]
or invalid [13,45]. When mitochondria oxidise 2-oxo-
glutarate, ATP produced by phosphorylation may
interact with 2-oxoglutarate dehydrogenase [2] or cy-
tochrome oxidase [46], and ATP produced by sub-
strate level phosphorylation may interact with the
phosphorylation subsystem.
Transfer of information from substrate oxidation
to phosphorylation was tested by changing substrate.
Calcium activated phosphorylation whether substrate
oxidation was calcium-sensitive (2-oxoglutarate, Fig.
2) or calcium-insensitive (succinate, Fig. 1), so calci-
um stimulation of phosphorylation was not second-
ary to direct e¡ects on substrate oxidation. Transfer
of information from phosphorylation to substrate
oxidation is a potential problem because both succi-
nate and 2-oxoglutarate dehydrogenases may be sen-
sitive to matrix ATP/ADP, an intermediate of the
phosphorylation subsystem. There was no sensitivity
to calcium of substrate oxidation with succinate (Fig.
1) so cross-talk through ATP was not a problem
here. Cross-talk with 2-oxoglutarate as substrate
was tested as shown in Fig. 2a. Oligomycin inhibits
the ATP synthase so intramitochondrial ATP/ADP
falls, but atractyloside inhibits the adenine nucleotide
translocase and intramitochondrial ATP/ADP rises.
The kinetics of substrate oxidation were the same
when vi was varied with either inhibitor (Fig. 2a),
Fig. 2. E¡ect of calcium on the responses of substrate oxidation, proton leak and phosphorylation to vi with 2-oxoglutarate as sub-
strate. The e¡ect of vi on (a) substrate oxidation (JS), (b) proton leak (JL) and (c) phosphorylation (JP) subsystems was measured in
skeletal muscle mitochondria respiring on 0.5 mM 2-oxoglutarate in the presence of 0.1 WM (open symbols) or 1.25 WM (closed sym-
bols) free calcium. The rate of the substrate oxidation subsystem was measured at di¡erent values of vi achieved by titration of the
phosphorylation subsystem with either oligomycin (0, 0.15, 0.3 and 1 Wg/mg protein) (squares) or atractyloside (0, 0.9 and 1.8 nmol/
mg protein) (triangles). The rate of proton leak was measured at three values of vi by following respiration rate in the presence of
maximum oligomycin (1 Wg/mg protein). vi was varied by adding 0, 40 or 80 WM KCN. The rate of the phosphorylation subsystem
was determined by subtracting the interpolated leak £ux at each value of vi from the rates obtained when KCN (0, 60, 120 WM) was
added in state 3. vi was determined by TPMP uptake measured simultaneously with oxygen consumption. Points are shown as means
þ S.E.M. (n = 5).
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showing that any cross-talk by matrix adenine nu-
cleotides onto the substrate oxidation subsystem
[2,46] was insigni¢cant. Thus using vi or vp as the
sole intermediate was justi¢ed.
Calcium stimulated state 3 respiration with 2-oxo-
glutarate as substrate without changing vi. Fig. 2
predicts a 60 mV change in vi if calcium solely
activated the producers of vi (substrate oxidation)
or the consumers of vi (phosphorylation and proton
leak). Clearly, the producers and consumers of vi
were equally activated by primary e¡ects of calcium
so that homeostasis in vi was achieved despite in-
creased respiration. Using these data we further as-
sessed the response of oxidative phosphorylation in
mitochondria respiring on 2-oxoglutarate using con-
trol and regulation analysis.
3.4. Control analysis: e¡ect of calcium on the internal
control of oxidative phosphorylation
Table 2 gives the elasticities of the subsystems to
vi in state 3 with 2-oxoglutarate, calculated from
the titration curves. Substrate oxidation had a small
negative elasticity to its product, vi. Both the leak
and phosphorylation had positive elasticities to vi,
their substrate. Phosphorylation was the most re-
sponsive to vi. Calcium did not alter any of the
elasticities to vi (20%6VP6 50%).
Table 2 also shows the £ux and concentration con-
trol coe⁄cients. Respiration rate (JS) was largely
controlled by the substrate oxidation subsystem;
leak and phosphorylation had little control. Phos-
phorylation was strongly controlled by substrate ox-
idation, with weaker positive control by the phos-
phorylation subsystem and negative control by
proton leak. Proton leak rate was strongly controlled
by the proton leak subsystem, with weaker positive
control by substrate oxidation and negative control
by phosphorylation. Control over vi was shared
between the three blocks. A similar control pattern
has been found in heart mitochondria [5]. In skeletal
muscle mitochondria respiring on succinate in the
presence of EGTA, the substrate oxidation, phos-
phorylation and leak subsystems had £ux control
coe⁄cients over JS of 0.6, 0.3 and 0.1 respectively
[34]. Thus, regardless of substrate, the general pat-
tern of control is the same in state 3 (cf. [19]) with
the substrate oxidation subsystem having greater
control over JS than the reactions that consume
vi. There were no di¡erences between the control
coe⁄cients in Table 2 at low and high calcium
(40%6VP6 60%).
3.5. Quantifying regulation: partitioning the e¡ect of
calcium on oxidative phosphorylation
We quanti¢ed the regulation of oxidative phos-
phorylation by calcium by calculating integrated re-
sponses [28]. Because of experimental inaccuracies we
did not titrate with calcium, but employed a step
change in free calcium from 0.1 WM to 1.25 WM.
Therefore we could not base the regulation analysis
on true elasticities of the subsystems to calcium, but
used integrated elasticities to calcium and calculated
partial integrated response coe⁄cients. The overall
fractional changes (integrated responses) of substrate
Table 2
Elasticities to vi and £ux and concentration control coe⁄cients in isolated skeletal muscle mitochondria respiring on 0.5 mM 2-oxo-








Free calcium (WM) 0.1 1.25 0.1 1.25 0.1 1.25 0.1 1.25
i = substrate oxidation £ux 30.610:31 30.340:19 0.840:12 0.910:05 0.090:07 0.060:04 0.070:05 0.020:01
i = phosphorylation £ux 4.714:22 4.381:73 1.230:48 1.120:09 0.290:20 0.170:07 30.530:33 30.280:06
i = leak £ux 1.190:54 1.610:27 0.310:35 0.320:12 30.180:15 30.240:07 0.870:10 0.920:04
i =vi ^ ^ 0.260:15 0.250:08 30.150:08 30.190:05 30.110:07 30.060:03
Individual data points for ¢ve independent experiments (see Fig. 2) were averaged to give mean values. Elasticities to vi (Aivi) were
determined as the normalised slopes at the state 3 vi of titration plots of mean subsystem rate versus mean vi. Control coe⁄cients
(CJ or xi ) were calculated from these elasticities and the system £uxes. Subscripts indicate control by S, the substrate oxidation system;
P, the phosphorylation subsystem; and L, the proton leak subsystem. Experiments were carried out at 0.1 WM or 1.25 WM free calci-
um as indicated. The error associated with each coe⁄cient, given as the pseudo-standard deviation (see Section 2), was estimated by
Monte Carlo analysis and is indicated in subscript.
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oxidation rate, proton leak rate, phosphorylation
rate and vi resulting from the step change in calci-
um are given in Table 3. The integrated responses of
the proton leak rate and vi were not signi¢cantly
di¡erent from zero. The integrated responses of the
substrate oxidation and phosphorylation £uxes to
calcium were signi¢cant. Calcium had only small ef-
fects on the control coe⁄cients (Table 2) or on vi
(Fig. 2 and Table 3), suggesting that the use of Eq. 3
to determine partial integrated responses was reason-
able [27,28].
The results obtained in partitioning these inte-
grated responses were as follows.
3.5.1. Integrated elasticities
Table 3 shows the integrated elasticities of the
three subsystems to calcium. The integrated elasticity
of the proton leak to calcium was insigni¢cant. The
integrated elasticities of the phosphorylation and
substrate oxidation subsystems to calcium were 0.78
and 0.45 respectively, suggesting that both were tar-
gets of calcium.
3.5.2. Partial integrated responses of substrate
oxidation rate and phosphorylation rate to
calcium
Fig. 3 shows the contributions of each subsystem
to the overall stimulation of the state 3 substrate
oxidation and phosphorylation rates, calculated as
the partial integrated responses to calcium, iIRJCa.
The direct e¡ect of calcium on proton leak was neg-
ligible, but the contribution of e¡ects via the leak to
the total integrated response is included for com-
pleteness.
Fig. 3a shows that the partial integrated response
of the substrate oxidation £ux to calcium via sub-
strate oxidation itself was 0.38 (VP = 0.7%). The
partial responses via the phosphorylation and proton
leak subsystems were 0.07 (VP = 23%) and 30.01
(VP = 38%) respectively. Thus the direct stimulation
of the substrate oxidation subsystem caused 86% of
the overall e¡ect of calcium on state 3 respiration.
Despite the large elasticity of the phosphorylation
subsystem to calcium (Table 3), its contribution to
the overall increase in oxygen consumption was small
(about 16%) because the phosphorylation subsystem
had only a small £ux control coe⁄cient (0.09) over
Table 3
Integrated responses and integrated elasticities to calcium
IRJ or viCa IE
i
Ca
Substrate oxidation 0.44 (VP = 0.0%) 0.45 (VP = 0.2%)
Phosphorylation 0.89 (VP = 0.0%) 0.78 (VP = 9%)
Leak 30.15 (Vp = 32%) 30.17 (VP = 31%)
vi 0.02 (VP = 37%) ^ ^
The integrated responses (IRJ or viCa ) of substrate oxidation £ux (JS), phosphorylation £ux (JP), leak £ux (JL) and vi to a ¢nite change
in free calcium from 0.1 to 1.25 WM were calculated as vx/x (where x is the £ux (J) or the intermediate vi) relative to the standard
condition (0.1 WM free calcium). The integrated elasticities (IEiCa) of substrate oxidation and phosphorylation subsystems to calcium
were calculated using Eq. 1. Data were from Fig. 2 and Table 2. Values of VP were estimated using Monte Carlo analysis [40] (see
Section 2).
Fig. 3. Division of the integrated responses to calcium of
(a) substrate oxidation rate, (b) phosphorylation rate and
(c) mitochondrial membrane potential into partial integrated re-
sponses via each of the three subsystems. Integrated responses
to a change in free calcium from 0.1 to 1.25 WM were calcu-
lated as vJS/JS, vJP/JP or v(vi)/vi. The contribution of the
primary e¡ects of calcium on each of the subsystems to the
overall response (the partial response coe⁄cient, iIRJ or xCa ) was
calculated from the data in Tables 1 and 2 using Eq. 3. The
partial integrated responses via the substrate oxidation, phos-
phorylation and proton leak subsystems are in white, grey and
black respectively.
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substrate oxidation £ux (Table 2). E¡ects via the
proton leak were insigni¢cant (32%) because its in-
tegrated elasticity to calcium was negligible (Table 3).
Fig. 3b gives the contribution of each subsystem to
the integrated response of phosphorylation rate to
calcium. The partial integrated response of the phos-
phorylation rate to calcium via substrate oxidation
was 0.55 (VP = 1.2%). The partial responses via pro-
ton leak and phosphorylation were 0.09 (VP = 31%)
and 0.23 (VP = 21%) respectively. Thus the direct
stimulation of substrate oxidation made the largest
contribution (63%) to the increase in phosphory-
lation rate, because it had a large £ux control coef-
¢cient of 1.23 (Table 2) over the phosphorylation
£ux. Since the phosphorylation subsystem had a
large elasticity to vi (4.71; Table 2), it had a low
control coe⁄cient over its own £ux (0.29; Table 2).
Therefore, despite its high elasticity to calcium (Ta-
ble 2), direct stimulation of this subsystem by calci-
um accounted for only 26% of the total stimulation
of the phosphorylation rate.
3.5.3. Partial integrated responses of vi to calcium
Calcium stimulated the £uxes through substrate
oxidation and phosphorylation with little change in
vi (iIRJCa in Table 2). Thus, homeostasis and equal
activation were close to being achieved [4]. Using Eq.
2 we quanti¢ed how equal activation arose, by deter-
mining the partial integrated responses of vi to cal-
cium (Fig. 3c). The partial responses via substrate
oxidation and phosphorylation were equal and op-
posite, 0.12 (VP = 12%) and 30.12 (VP = 20%) re-
spectively. The increase in substrate oxidation activ-
ity induced by calcium (quanti¢ed by an IE of 0.45,
Table 3) had a tendency to increase vi (as the sub-
strate oxidation subsystem had a control coe⁄cient
over vi of 0.26, Table 2). This increase was almost
exactly opposed by the tendency of the simultaneous
increase in the activity of the phosphorylation sub-
system (IE = 0.78, Table 3) to decrease vi due to its
concentration control coe⁄cient over vi of 30.15
(Table 2).
4. Discussion
We have analysed the e¡ect of a step change in
free calcium across the physiological range from 0.1
to 1.25 WM on oxidative phosphorylation in skeletal
muscle mitochondria.
We used top-down elasticity analysis to elucidate
which components are activated in mitochondria re-
spiring on succinate (Fig. 1). Succinate was used to
allow a clearer interpretation of any e¡ect of calcium
on the vi consumers (comprising leak and phos-
phorylation subsystems) since the calcium-sensitive
Krebs cycle dehydrogenases were not included in
this system. Top-down elasticity analysis was also
carried out on mitochondria respiring on sub-satu-
rating 2-oxoglutarate (Fig. 2). Thus the kinetic re-
sponse of the phosphorylation subsystem to calcium
was assessed in a system where the e¡ect on substrate
oxidation might dominate.
Calcium activated not only the substrate oxidation
reactions, but also the phosphorylation subsystem. A
physiological change in free calcium acted directly to
double the activity of the phosphorylation subsystem
regardless of substrate. The activation of both the
substrate oxidation and phosphorylation subsystems
is noteworthy. There is extensive evidence that com-
ponents of substrate oxidation (namely pyruvate, iso-
citrate and 2-oxoglutarate dehydrogenases) are sensi-
tive to calcium [1,2,7]. In contrast, the evidence that
calcium activates components of the phosphorylation
subsystem, such as the ATP-synthase [3] and the ad-
enine nucleotide translocase [10] is indirect and less
well established. From our analysis it is not possible
to predict whether the ATP-synthase, the adenine
nucleotide translocase or some other step within
the phosphorylation subsystem is activated by calci-
um. Calcium stimulation of phosphorylation has also
been reported in heart mitochondria respiring on
sub-saturating 2-oxoglutarate [5] ; however, no e¡ect
with succinate as substrate was observed (even at the
same membrane potential as with 2-oxoglutarate), so
the conclusion that calcium has a direct e¡ect on
phosphorylation in heart mitochondria must be pro-
visional.
The response of mitochondria to calcium was fur-
ther assessed by analysing the internal control pat-
tern of oxidative phosphorylation [11^13] and using
integrated responses and elasticities [28] to calcium to
perform a regulation analysis [16,17] to partition its
e¡ects on oxidative phosphorylation. This has not
been done previously for calcium, although it has
been used to quantify the e¡ects of cadmium on
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potato tuber mitochondria [18,23,26] and hormones
on hepatocytes [27].
Despite having direct stimulatory e¡ects on sub-
strate oxidation and phosphorylation, calcium did
not signi¢cantly alter the control pattern (Table 2).
Others have inferred targets of calcium action from
changes in control coe⁄cients [19^21], but elasticities
and control coe⁄cients do not distinguish whether
changes are direct or indirect through changes in
intermediate levels [15,18,22^25]. The direct sites of
action of e¡ectors can, however, be identi¢ed using
top-down elasticity analysis as shown above.
Calculation of integrated elasticities [28] allows ac-
tivation by calcium to be quanti¢ed even without a
full set of elasticities to calcium. We have carried out
a regulation analysis using integrated elasticities in-
stead of true elasticities to give an experimentally
accessible semi-quantitative description of regulation,
expressed by partial integrated response coe⁄cients.
The partial internal responses of the substrate ox-
idation and phosphorylation £uxes to calcium de-
scribe how the direct e¡ects of calcium are propa-
gated through the system. The substrate oxidation
subsystem had greater control than the phosphory-
lation subsystem over respiration (VP = 0.8%) (Ta-
ble 2). Therefore, the direct activation of substrate
oxidation by calcium had a proportionally greater
e¡ect on respiration than the activation of phosphor-
ylation (VP = 4.4%) (Fig. 1a). Similarly, as substrate
oxidation had greater control than the phosphory-
lation subsystem over the phosphorylation £ux
(VP = 2.8%) (Table 2), its activation by calcium
had a greater e¡ect on phosphorylation £ux
(VP = 0.17) (Fig. 1b). If substrate oxidation were
not activated by calcium, the increase in phosphory-
lation £ux would have been only about a third of the
observed increase, owing to the decrease in vi that
would have occurred. Thus, the direct stimulation of
the substrate oxidation subsystem by calcium maxi-
mised the increase in the phosphorylation £ux, illus-
trating how the underlying control of a system
strongly in£uences the way an external e¡ector estab-
lishes changes in steady state £uxes.
There was almost equal activation [4] of the supply
and demand reactions, so that quite e¡ective homeo-
stasis of vi was achieved. Owing to the underlying
kinetics, homeostasis of vi required a relatively
greater activation of phosphorylation than the sup-
ply reactions (substrate oxidation). Homeostasis of
vi would be achieved if substrate oxidation and
phosphorylation were activated according to the ra-
tio of their concentration control coe⁄cients over vi
[47,48]. This ratio was 0.26/30.15 (Table 2). The
concentration control coe⁄cients are functions of
their elasticities to vi. So, for a given activation of
the substrate oxidation subsystem, with IE = 0.45
(Table 3), the phosphorylation subsystem must
have IE = 0.78. Thus phosphorylation must be ac-
tivated by calcium more strongly than substrate
oxidation to achieve homeostasis of vi, as its
concentration control coe⁄cient is smaller (VP =
12%). The measured IE values (Table 3) show the
theoretical di¡erence, but it was not signi¢cant
(VP = 24%).
Homeostasis of vi may be desirable to maintain a
constant transport of ions and metabolites across the
mitochondrial membrane or a constant phosphory-
lation potential. Homeostasis of vi also allows sys-
tem £uxes to increase with no change in proton leak
rate. This appears to be the situation in vivo [49] and
will increase the stoichiometric e⁄ciency of oxidative
phosphorylation at higher rates. Our results show
this e¡ect: the e¡ective P/O ratio [37] in the presence
of 1.25 WM calcium was 1.89, which was greater than
the value of 1.44 in the presence of 0.1 WM free
calcium (VP = 8.5%).
We conclude that the regulation of oxidative phos-
phorylation by calcium involves ‘multisite’ modula-
tion [47,48]. Large changes in £ux, with little change
in metabolite levels, can only be achieved by the co-
ordinate stimulation of several steps. Activation of a
single regulatory enzyme is unlikely to produce large
increases in £ux and thus physiological e¡ectors such
as hormones must operate by co-ordinated regula-
tory mechanisms [48]. Indeed, our results show that
activation of the phosphorylation subsystem plays a
minor role in £ux changes, but a major role in ho-
meostasis of vi. Enzymes after a branch point must
be stimulated proportionally to a greater extent than
those preceding the branch if homeostasis of the me-
tabolite at the branch point is to be maintained [47].
This allows a speci¢c pathway to be stimulated with-
out concomitant changes in side branches, which
may be unfavourable. This is exactly what we ¢nd
for stimulation of oxidative phosphorylation by cal-
cium.
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